Introduction {#sec1}
============

Natural products have been used to treat various types of human illnesses and have dominated the pharmaceutical industry for many years. Plants produce several chemically diverse secondary metabolites, which may exhibit a myriad of biological activities.^[@ref1],[@ref2]^ In addition, medicinal plants are commonly used as an alternative treatment to conventional therapy to treat various pathological conditions, including inflammation and pain.^[@ref3]^ Inflammation is a stereotyped response to the body's defense against cellular damage and vascular tissue.^[@ref4]^ Pain, in turn, is the end result of the processing of sensory stimuli. Pain signaling pathways may become dysfunctional through inflammation and/or trauma to tissues and nerves.^[@ref5]^ Both inflammation and pain are widely investigated in pharmacological studies with molecules from natural products.

*Anacardium occidentale* L. is a tree of the family Anacardiaceae, which produces a fruit known as "cashew". This fruit has great agricultural and economic importance for Northeast Brazilian, owing to the high commercial value of its chestnut.^[@ref6],[@ref7]^ In the course of processing the cashew nuts, a byproduct known as cashew nut shell liquid (CNSL) is obtained. It contains unsaturated long-chain phenols, with AA as the major component.^[@ref8]^ Research findings indicated that AA possesses antioxidant,^[@ref6]^ antitumoral,^[@ref9]^ antibacterial,^[@ref10]^ gastroprotective,^[@ref11]^ and lipoxygenase inhibitory activities.^[@ref12]^

Phytochemicals derived from pallets and/or synthetics, containing phenolic compounds and tannins with high antioxidant capacity, have analgesic effects and may be used as drug candidates.^[@ref13]^ On the other hand, reactive oxygen species (ROS) play a role in inflammatory processes,^[@ref14]^ and some anti-inflammatory drugs can cause various adverse effects, including gastrointestinal ulcers.^[@ref15]^ Thus, studies are needed to discover new drugs that can modulate the side effects of anti-inflammatory drugs.^[@ref16]^ Accordingly, the present investigation was conducted to evaluate the anti-inflammatory, antinociceptive, and antioxidant activities and/or mechanisms of AA in mouse models.

Results {#sec2}
=======

Anti-Inflammatory Effect of AA on Carrageenan-Induced Paw Edema {#sec2.1}
---------------------------------------------------------------

[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} presents our results of the anti-inflammatory effect of AA. The results reveal that carrageenan (300 μg/paw) induced intense edema in mice ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) at a maximum level after 3 h. Pretreatment with INDO (10 mg/kg) and AA at 10 mg/kg resulted in a considerable reduction (*p* \< 0.05) in the development of paw edema after 4 h. On the other hand, the dose of 25 mg/kg of AA caused a significant (*p* \< 0.05) reduction of edema after 1, 2, 3, and 4 h by 81.25, 66.66, 48.97, and 54.76%, respectively. AA at 50 mg/kg reduced edema only in the periods of 3 h (51.02% inhibition) and 4 h (45.23% inhibition). Finally, 25 mg/kg of AA was selected for further studies as it showed the best results related to protection against inflammation induced by carrageenan.

###### Anti-Inflammatory Effect of AA on Carrageenan-Induced Paw Edema[a](#t1fn1){ref-type="table-fn"}

                      paw edema (mL)                                        
  --------- --------- ----------------- ----------------- ----------------- -----------------
  VEH                 0.032 ± 0.004     0.048 ± 0.003     0.098 ± 0.007     0.084 ± 0.005
  INDO      10        0.016 ± 0.004     0.038 ± 0.005     0.070 ± 0.007     0.048 ± 0.004\*
  (50.00)   (20.83)   (28.57)           (42.85)                             
  AA        10        0.026 ± 0.005     0.034 ± 0.006     0.078 ± 0.008     0.063 ± 0.011\*
  (18.74)   (29.16)   (20.40)           (25.00)                             
  AA        25        0.006 ± 0.004\*   0.016 ± 0.009\*   0.050 ± 0.006\*   0.038 ± 0.005\*
  (81.25)   (66.66)   (48.97)           (54.76)                             
  AA        50        0.020 ± 0.007     0.040 ± 0.006     0.048 ± 0.013\*   0.046 ± 0.132\*
  (37.50)   (14.89)   (51.02)           (45.23)                             

Values are mean ± standard error of the mean (SEM) (*n* = 5). The percentage of inhibition of paw edema is indicated in parentheses. \* *p* \< 0.05 vs control (one-way analysis of variance (ANOVA) followed by the Newman--Keuls test with post hoc test). VEH: vehicle; INDO: indomethacin; AA: Anacardic acid.

Anti-Inflammatory Effect of AA on Paw Edema Induced by Different Proinflammatory Agents {#sec2.2}
---------------------------------------------------------------------------------------

Induction of mouse paw edema by different proinflammatory agents promoted the development of intense edema, causing a significant increase (*p* \<0.05) in the paw volume, compared to the VEH ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A--D). Our results demonstrated that when prostaglandin E2 (0.064 ± 0.005 mL; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) and dextran (0.052 ± 0.008 mL; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) were used, peak edema was attained after 60 min of administration, while histamine (0.056 ± 0.005 mL; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C) and compound 48/80 (0.098 ± 0.008 mL, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D) after 30 and 120 min, respectively. Results also showed that INDO treatment inhibits (*p* \< 0.05) edema induced by prostaglandin E2 (inhibition of 58.6%, 120 min: [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A), dextran (inhibition of 73.9%, 120 min: [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B), histamine (inhibition of 31.6%, 60 min: [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C), and compound 48/80 (inhibition of 41.0%, 120 min: [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D). Pretreatment with 25 mg/kg AA significantly inhibited both prostaglandin E2 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) and dextran-induced edema ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B) illustrating reductions of 59.4 and 73.1% after 60 min and 97.5 and 62.5% after 240 min, respectively. Similarly, AA inhibited (*p* \< 0.05) 70.2 and 41.7% histamine-induced edema ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C) after 30 and 240 min, respectively. At 120 and 240 min, inhibition (*p* \< 0.05) of 36.4 and 61.9% of the edema was verified by AA in the model induced by compound 48/80 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D).

![Effect of AA on paw edema induced by different proinflammatory agents. Edema was induced by: (A) prostaglandin E2 (PGE2), (B) dextran (Dex), (C) histamine (Hist), and (D) compound 48/80 (48/80). Animals were treated with AA (25 mg/kg), vehicle (VEH, control group), or INDO (10 mg/kg, intraperitoneally (ip)). The dots represent mean ± SEM (*n* = 5). \**p* \< 0.05 vs VEH group (one-way ANOVA followed by the Newman--Keuls test with post hoc test).](ao0c01775_0001){#fig1}

Evaluation of the Effects of AA on Histological Alterations {#sec2.3}
-----------------------------------------------------------

In the VEH-treated animals, no tissue changes were observed. The tissue displayed a normal histological appearance, with dispersed cellular infiltrate and integral membranes ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). However, animals treated with carrageenan presented significant tissue changes such as increased cell infiltrate, mainly neutrophils and intense edema ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). It was also observed that pretreatment by AA (25 mg/kg) reduced neutrophil infiltration and the intensity of the edema ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C).

![Photomicrographs of the paw of mice stained with hematoxylin and eosin (A--C; magnification: 400×). (A) Vehicle group (5% dimethylsulfoxide, DMSO), which exhibit normal histological characteristics, with intact paw and no evidence of inflammation. (B) Carrageenan group, which shows an inflammatory response pronounced with intense polymorphonuclear cells (black arrow) and plasma exudate (red arrow). (C) AA group + carrageenan, which shows that cell migration (black arrow) was decreased with AA treatment.](ao0c01775_0002){#fig2}

Effect of AA on Carrageenan-Induced Peritonitis {#sec2.4}
-----------------------------------------------

Through induction of peritonitis by carrageenan, it was possible to verify the significant increase (*p* \< 0.05) in leukocyte migration from 18.05 × 10^3^ ± 0.77 × 10^3^ cells/mL to the peritoneal cavity, being mostly neutrophils, 14.79 × 10^3^ ± 0.68 × 10^3^ cells/mL ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B). However, pretreatment with AA (25 mg/kg) showed a considerable (*p* \< 0.05) decrease in leukocyte migration (12.41 × 10^3^ ± 0.58 × 10^3^ cells/mL) and neutrophils (5.91 × 10^3^ ± 0.86 × 10^3^ cells/mL) to the peritoneal cavity, also evidenced by pretreatment with INDO (leukocytes: 13.18 × 10^3^ ± 1.60 × 10^3^ cells/mL; neutrophils: 8.85 × 10^3^ ± 1.27 × 10^3^ cells/mL) at 10 mg/kg ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A,B).

![Anti-inflammatory effect of AA in carrageenan-induced peritonitis model. (A) Number of leukocytes in the peritoneal cavity. (B) Total neutrophils in the peritoneal cavity. Animals were treated with 0.9% saline (SAL), vehicle (VEH, control group, 10 mL/kg, ip), anacardic acid (AA25, 25 mg/kg, ip), or indomethacin (INDO, 10 mg/kg, ip) after 30 min received 300 μL/well of carrageenan. Values are mean ± SEM (*n* = 5). \#*p* \< 0.05 vs SAL group; \**p* \< 0.05 vs VEH group (one-way ANOVA followed by the Newman--Keuls test with post hoc test).](ao0c01775_0003){#fig3}

Effect of AA on MPO Activity and Oxidative Stress {#sec2.5}
-------------------------------------------------

The MPO activity ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) was measured in the peritoneal exudate, which was significantly increased (*p* \< 0.05) in the carrageenan group (18.20 ± 1.28 U/mL) compared to the saline group (3.30 ± 0.92 U/mL). A significant inhibition (*p* \< 0.05) of 61.6% of the MPO enzyme was observed in the group treated with 25 mg/kg of AA (6.98 ± 0.87 U/mL) compared to the carrageenan treatment group only. A significant decrease (*p* \< 0.05) in glutathione (GSH) levels (20.62 ± 1.48 μg/mL) and an increase in malondialdehyde (MDA) (44.33 ± 4.71 nM/mL) were observed after administration of carrageenan (35.77 ± 2.51 μg/mL and 2.19 ± 0.91 nM/mL, respectively). Pretreatment with AA caused a significant (*p* \< 0.05) increase in GSH (32.32 ± 1.13 μg/mL) and a decrease in MDA (17.16 ± 3.32 nM/mL) levels compared to carrageenan treatment.

###### Effect of AA on MPO Activity, Reduced Levels of GSH, and Concentration of MDA in the Peritoneal Exudate[a](#t2fn1){ref-type="table-fn"}

                parameters                                        
  ------------- ------------ ----------------- ------------------ ------------------
  VEH                        3.30 ± 0.92       35.77 ± 2.51       2.19 ± 0.91
  carrageenan                18.20 ± 1.28\*    20.62 ± 1.48\*     44.33 ± 4.71\*
  AA            25           6.98 ± 0.87^\#^   32.32 ± 1.13^\#^   17.16 ± 3.32^\#^

MPO: myeloperoxidase; GSH: reduced glutathione; MDA: malondialdehyde. Values are mean ± SEM (*n* = 5) \**p* \< 0.05 vs VEH group, \#*p* \< 0.05 vs carragenine (one-way ANOVA followed by Newman--Keuls test). VEH: vehicle; AA: anacardic acid.

Antinociceptive Effects of AA in Experimental Models of Nociception {#sec2.6}
-------------------------------------------------------------------

### Test of Abdominal Writhing Induced by Acetic Acid {#sec2.6.1}

The antinociceptive activity of AA was verified by the acetic acid-induced abdominal writhing test ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). In the abdominal writhing test, reduction of writhing (94.0%) after pretreatment with AA (2.4 ± 1.47) at a dose of 25 mg/kg can be comparable to that of morphine (0.8 ± 0.58).

![Antinociceptive effect of AA through the acetic acid-induced abdominal writhing test. Animals were treated with vehicle (VEH, control group, 10 mL/kg, ip), MORP (5 mg/kg, ip), or AA (25 mg/kg, ip). The dots represent mean ± SEM (*n* = 5). \**p* \< 0.05 vs VEH group; \#*p* \< 0.05 vs MORP group (one-way ANOVA followed by Newman--Keuls test with post hoc test).](ao0c01775_0004){#fig4}

### Hot Plate Test {#sec2.6.2}

Results from this test showed that animals pretreated with AA (25 mg/kg) displayed a considerable increase (*p* \< 0.05) in the reaction time latency to thermal stimulus throughout the test, compared to the VEH group ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). However, the effects were lower than the MORP (5 mg/kg) group.

![Antinociceptive effect of AA through the acetic acid-induced abdominal writhing test. Animals were treated with vehicle (VEH, control group, 10 mL/kg), morphine (MORP, 5 mg/kg), or anacardic acid (AA, 25 mg/kg). The dots represent mean ± SEM (*n* = 5). \**p* \< 0.05 vs VEH group; \#*p* \< 0.05 vs MORP group (one-way ANOVA followed by Newman--Keuls test with post hoc test).](ao0c01775_0005){#fig5}

### Formalin Test {#sec2.6.3}

The formalin-induced nociception model revealed that the group pretreated with VEH shows a significant increase (*p* \< 0.05) in lick time in the first phase (72.40 ± 16.07 s) and in the second phase (57.20 ± 7.70 s). Pretreatment with AA (25 mg/kg) presented an antinociceptic action due to the significant reduction (*p* \< 0.05) to the lick time in the first phase (2.0 ± 1.30 s) and the second phase (2.6 ± 1.12 s), similar to results observed in the group pretreated with MORP (4.6 ± 0.75 and 1.4 ± 0.24 s, respectively) at 5 mg/kg. To verify the possible involvement of the interaction of AA with opioid receptors, two groups of mice (*n* = 5) were pretreated with naloxene (3 mg/kg, opioid receptor antagonist) 30 min before administration of AA (25 mg/kg) or MORP (5 mg/kg) followed by administration of 2.5% formalin (20 μL in the subplantar region of the right animal paw). Results show that there was a reversal (increase) of the lick time in the AA and MORP groups pretreated with the nonselective opioid receptor antagonist (naloxene), both in the first phase (78.0 ± 14.79 and 73.40 ± 17.65 s, respectively) and the second phase (56.0 ± 20.404 and 47.4 ± 13.63 s, respectively) of the test, indicating that the antinociceptive action of AA occurs through interaction with this receptor ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).

![Evaluation of the antinociceptive activity of AA and association with naloxone through the formalin test. Lick time was determined in the first 5 min (A, first stage, neurogenic pain), and the second phase (B, inflammatory pain) was assessed 20 min after the start of the test (20--25 min). The animals were treated with vehicle (VEH, control group), anacardic acid (AA: 25 mg/kg, ip), or morphine (MORP; 5 mg/kg, ip) after 30 min receiving 500 μL/well of carrageenan. The dots represent mean ± SEM (*n* = 5). \**p* \< 0.05 vs VEH group. (one-way ANOVA followed by the Newman--Keuls test with post hoc test).](ao0c01775_0006){#fig6}

Discussion {#sec3}
==========

A. occidentale, grows in Brazil, and is very common in the Northeast region. Several parts of the cashew tree such as leaves, stem bark, chestnut, and cashew juice have been evident for important biological functions^[@ref17]^ including antioxidant, anti-inflammatory,^[@ref18]^ antimicrobial,^[@ref19]^ antidiabetic,^[@ref20]^ antihypertensive,^[@ref21]^ antigenotoxic,^[@ref22]^ nonmutagenic,^[@ref23]^ and larvicidal activities.^[@ref24]^ Cashew nuts release a liquid, internationally called CNSL, which is a source of phenolic compounds that are responsible for its antioxidant, antimicrobial,^[@ref17],[@ref19]^ anti-inflammatory,^[@ref25]^ cytotoxic, and nonmutagenic activities.^[@ref23]^

The inflammatory process is a biological reaction triggered by tissue injury leading to an imbalance of homeostasis,^[@ref26]^ causing redness, edema, pain, temperature increase, and loss of function.^[@ref27]^ Edema and pain (nociception when evaluated in animals) are the main targets for novel anti-inflammatory compounds and analgesics.^[@ref28]^ In the present work, we have explored the anti-inflammatory activities of AA in classic experimental models of inflammation and nociception and found that AA reduces the inflammatory process and increases nociception latency. AA, through immunological mechanisms and a balance between ROS and antioxidant defenses, can contribute to its anti-inflammatory activity. In this context, it should be emphasized that phenolic compounds exhibit antioxidant activities^[@ref29]^ and that numerous plant-based compounds, including phenolic phytochemicals and tannins, exhibit anti-inflammatory potential.^[@ref30]^

Carrageenan-induced edema was initially used to evaluate the anti-inflammatory effect of AA. This method is well established and widely used to evaluate the effect of agonist drugs against acute inflammatory responses. Carrageenan administration results in an inflammatory response. This process is biphasic in nature, since initially edema generation occurs due to the increase of hypersensitivity mediators (e.g., histamine, serotonin, and bradykinin) in the vascular endothelium.^[@ref31]^ This increases vascular permeability and infiltration of polymorphonuclear cells at the site of damage,^[@ref32]^ followed by a late response (after 72 h) and release of tumor necrosis factor α (TNF-α),^[@ref33]^ prostaglandins, and nitric oxide,^[@ref34]^ as well as increased monocyte migration.^[@ref35]^ Studies on mice treated with cashew shell and docaule extracts showed anti-inflammatory effects owing to the presence of antibodies.^[@ref34]^

Pretreatment with AA reduced carrageenan-induced edema, most effectively at 25 mg/kg, since it reduced edema at all evaluated times. This suggests that the anti-inflammatory effect is associated with the suppression of vascular permeability and cell migration, reduction of the increase, and production of inflammatory mediators and oxidative stress. According to some etinopharmacological studies, *A. occidentale* has been used by the population as an alternative treatment to conventional therapy, using it to cure numerous diseases, including inflammation at all.^[@ref36],[@ref37]^ It is worth mentioning that AA, the major compound present in cashew nut liquid, is an important therapeutic candidate for the treatment of inflammation.^[@ref38]−[@ref40]^

To examine these proposed anti-inflammatory mechanisms of action for AA, different proinflammatory agents, including prostaglandin E2, dextran, histamine, and compound 48/80 were used to induce paw edema. Prostaglandin E2 product of the cyclooxygenase pathway (COX) is one of the most important inflammatory mediators, produced through the COX oxidation of AA released from the membrane phospholipids during the inflammatory process.^[@ref41]^ The anti-inflammatory response of AA to PGE2-induced edema was similar to the effect observed for INDO, indicating that AA inhibits the acute inflammatory response caused by PGE2. On the other hand, dextran can activate Haggemann's factor XII, which then activates the tissue, and tissue kallikrein responsible for the production of kinin.^[@ref42]^ Dextran has been used as an edematogenic agent to induce partial degeneration and to produce edema with low protein and neutrophil levels through the osmotic increase,^[@ref43]^ characterized by a rapid increase in edema, with the main mediators being histamine and serotonin.^[@ref44]^

Similarly, compound 48/80 promotes edema through degranulation of mast cells, with the release of bioactive amines, such as histamine and serotonin.^[@ref45]^ AA exhibited reduction of dextran- and compound 48/80-induced edema, indicating that the antidematogenic activity observed in this model might be associated with inhibition of the release of histamine and serotonin. These results were confirmed by the reduction of paw edema induced by histamine in mice pretreated with AA, establishing that AA has antagonistic effects on histamine receptors, since histamine receptors H1 and H2 when activated by histamine cause an increase in vascular permeability.^[@ref46]^ Chemotactic mediators, lipid mediators, chemokines, and cytokines are released during inflammation. These mediators are responsible for migration of neutrophils to the focus of inflammation.^[@ref47]^ Neutrophils constitute the first line of defense against the inflammatory process^[@ref48]^ and are responsible for the release of proteases contained in their granules, such as MPO, elastase, and proteinase-3.^[@ref49]^

Evaluation of the effect of AA on the reduction of neutrophilic migration was investigated using the carrageenan-induced peritonitis model. AA reduced the migration of total leukocytes and neutrophils into the peritoneal cavity and decreased the MPO activity. In neutrophils, MPO is responsible for the activation of signal transduction pathways (p38 MAPK and NF-kB), tyrosine phosphorylation, superoxide (O~2~^•^) production, degranulation, and prolonged survival, as well as may increase neutrophil--endothelial interaction. MPO can also trigger production of cytokines (IL-6 and IL-8) and oxygen-derived reactive species (ROS) by endothelial cells. On the other hand, hypochlorous acid (HOCl), derived from MPO, can induce the activation of necrosis factor kappa B (NF-κB), thiorosine phosphorylation, and TNF-α production.^[@ref50]^

The inflammatory process can be potentiated by the increase of oxidative stress causing tissue injury and direct degradation of important cellular components, through neutrophil ROS and vascular endothelial cells.^[@ref51]^ MDA is an important marker of oxidative stress, generated due to oxidation of lipids from biological membranes.^[@ref52]^ Similarly, GSH is responsible for neutralization of ROS.^[@ref53]^ Our results showed an increase in GSH concentration and decrease of MDA levels in the peritoneal fluid of mice pretreated with AA in carrageenan-induced peritonitis model.

These data support the fact that AA interacts with free radicals, neutralizing them through the formation of phenolic and allylic radicals during the inflammatory response. In addition, these data demonstrate that AA is able to decrease oxidative stress generated during the inflammatory process, possibly by its excellent antioxidant activities, because AA has the ability to eliminate free radicals, which are extremely pathogenic. Thus, AA has the ability to combat oxidative stress, which is a pathophysiological factor for various pathologies. AA lessens the production of O~2~^•^ by inhibition of xanthine oxidase but does not sequester ROS because the length of the unsaturated 15-carbon chain was more associated with this activity compared to the activity of salicylic acid,^[@ref54]^ which may prevent the transition-metal ions from initiating oxidation or inhibiting pro-oxidant enzymes. AA may also inhibit the generation of O~2~^•^ by sequestration of the hydroxyl radical (HO^•^).^[@ref55]^ According to our data, the anti-inflammatory and antioxidant actions of AA are tightly linked with one another. Published data show that AA exerts important antioxidant activity in some experimental models.^[@ref56]^ Additionally, AA has anti-inflammatory properties similar to other known NSAIDs such as aspirin.^[@ref57]^

Inflammatory mediators that cause sensitization of nociceptors are produced and released through the induction of abdominal controls by acetic acid, visceral pain model. This method is very sensitive for peripheral antinociceptive evaluation since the formation of inflammatory mediators, such as histamine, serotonin, prostaglandins, bradykinin, and substance P causes sensitization of the nociceptors. In this context, experimental models of inflammatory pain have been widely used in the search of new anti-inflammatory and analgesic drugs.^[@ref58]−[@ref60]^

To assess the antinociceptive effect of AA, the hot plate test was employed to verify the analgesic effect through possible interaction of AA with supraspinal and spinal receptors. AA showed an antinociceptive effect throughout the test, indicating that the analgesic effect arises through central mechanisms^[@ref61]^ with a possible involvement of the GABAergic system.^[@ref62]^ Our findings showed that, in animals pretreated with AA, a substantial decrease in the number of abdominal writhes induced by acetic acid was observed, similar to the results observed for morphine, suggesting inhibition of inflammatory pain, which activates peripheral nociceptors on the terminals of sensory nerve fibers.^[@ref63],[@ref64]^

These results suggest that the possible antinociceptive effect of AA occurs through inhibition of the synthesis of inflammatory mediators or as antagonists of its receptors, a fact similar to that seen in the model of paw edema induced by PGE2, dextran, compound 48/80, and histamine, where AA significantly reduced the induction of edema by these proinflammatory agents. This is in agreement with previous studies which indicate that AA exerts an analgesic effect because it can lessen the number of contortions induced by acetic acid.^[@ref65]^

We employed the formalin-induced paw-licking test to verify the antinociceptive effect of AA and to elucidate a possible mechanism of its action. Through this model, we can evaluate two distinctive stages of nociception: First stage: neurogenic pain, an acute response that occurs within the first 5 min after administration of formalin. This causes a chemical stimulation in type C nociceptors and part afferent Aδ fibers, in addition to the release of excitatory amino acids such as aspartate, glutamate, glycine, and taurine that take part in the transmission of peripheral nociception. Second stage: inflammatory pain, occurs between 15 and 60 min after administration of formalin. It is a tonic response related to the release of mediators, including bradykinin, histamine, serotonin, and prostaglandins, along with excitatory amino acids. Anacardic acid in the evaluated doses does not affect the locomodal activity of animals according to previous studies^[@ref66]^ carried out by our group, a fact that is important because CNS depression or unspecified muscle relaxation can invalidate the behavioral tests for nociceptive assessment.^[@ref67]^

Thus, results obtained from the present investigation demonstrated that AA reduces formalin-induced nociception in the two phases. These results are in agreement with those found in the acetic acid-induced abdominal writhing test since they confirm the performance of AA in the interaction with peripheral nociceptors due to the inhibition of the inflammatory stage, besides acting at the central level, inhibiting the neurogenic phase, confirming the results of the test hot plate. To show the involvement of the opioid pathway in the antinociceptive effect, it was shown that naloxone (opioid receptor nonselective antagonist) reversed the antinociceptive effect of AA, suggesting an involvement of the opioid pathway.

Conclusions {#sec4}
===========

In summary, results from this study indicate that AA exhibits anti-inflammatory and antinociceptive effects. These findings also indicate that the anti-inflammatory effect of AA is mediated through mechanisms that involve inhibition of inflammatory mediators (histamine, serotonia, and prostaglandin), reduction of cranial degranulation, neutrophil migration, and oxidative stress. In addition, results show that AA produces an antinociceptive and a peripheral effect through the opioid pathway and a decrease in inflammatory mediators due to its antioxidant activities.

Experimental Section {#sec5}
====================

Chemicals and Reagents {#sec5.1}
----------------------

Chemicals, reagents, and drugs used throughout this study were obtained from commercial sources and used as received. We purchased λ-carrageenan, prostaglandin E2 (PGE2), dextran, histamine, compound 48/80 (4-methoxy-3,5-*bis*\[\[2-methoxy-5-\[2-(methylamino)ethyl\]phenyl\]methyl\]-*N*-methyl-benzeneethanamine, trihydrochloride (C~32~H~45~N~3~O~3~·3HCl)), dimethylsulfoxide (DMSO), acetic acid, and formaldehyde from Sigma-Aldrich (St Louis, MO). Morphine, naloxene, and heparin were acquired from Merck (São Paulo, SP, Brazil). All drugs were dissolved in sterile saline solution (0.9%), except AA, which was solubilized in 5% DMSO, and subsequently diluted in 0.9% NaCl (Vehicle). AA was extracted, isolated, and identified as described by Gomes Júnior and co-workers.^[@ref66]^

Experimental Animals {#sec5.2}
--------------------

Swiss albino mice (25--30 g) (*Mus musculus*) obtained from the animal house of the Federal University of Piauí (UFPI), Brazil, were used throughout this investigation. These animals were housed at a constant room temperature (25 ± 2 °C) and under standard conditions of light/dark cycle of 12 h, with free access to water and food (Purina, Campinas, Brazil). All experimental protocols were in accordance with the guidelines of the National Council for Control of Animal Experimentation and approved by the Animal Research Ethics Committee/UFPI (CEEA/UFPI 030/13). The mice were randomly divided into groups with five animals in each group (*n* = 5/group). Euthanasia was carried out by an intraperitoneal (ip) administration of (50:50) ketamine/xylazine, followed by the cervical dislocation.

Anti-Inflammatory Effect of AA {#sec5.3}
------------------------------

### Carragenin-Induced Edema {#sec5.3.1}

Paw edema was produced according to previously published procedures.^[@ref58]^ The animals were divided into six groups with five mice in each group. Edema was induced by injecting each mouse, in the right plantar aponeurosis, with 50 μL of a 0.3% (w/v) suspension of carrageenan (300 μg/paw, diluted in sterile saline at 0.9%). Drugs were given to animals intraperitoneally (ip) 30 min before carrageenan injection. The animals in the different groups received the following treatments: group I, vehicle (10 mL/kg, ip); group II, indomethacin, 10 mg/kg (reference drug); groups III, VI, and V, 10, 25, and 50 mg/kg of AA, respectively. The contralateral paw that was used as the control received 50 μL of sterile saline. Then, with the aid of a plethysmometer (Panlab, Barcelona, Spain), the volume of the right hind paw was measured before and after 1, 2, 3, and 4 h of carrageenan treatment. The effects of pretreatments were calculated using the following formulawhere *V*~0~ and *V*~t~ are the volumes of the paw before and after induction of inflammation, respectively. The results are expressed as percent inhibition of edema relative to the paw volume of the saline-treated controls.

### Induction of Paw Edema by Different Proinflammatory Agents {#sec5.3.2}

To induce edema using different inflammatory agents, the mice (*n* = 5) were injected with 50 μL of each of the following: dextran (300 μg/paw), compound 48/80 (12 μg/paw), and histamine (50.0 nM/paw or PGE2 3.0 nM/paw) in the right plantar aponeurosis, as outlined by Lo et al.^[@ref59]^ and Feitosa et al.^[@ref60]^ Thirty minutes before injection of the proinflammatory agents, the mice were pretreated with vehicle, indomethacin (INDO: 10 mg/kg), or AA (25 mg/kg); the control, which is the contralateral paw, received 50 μL of sterile saline (0.9%). The volume of the right hind paw was measured as described in the methodology of carrageenan-induced paw edema model.

### Histological Evaluation {#sec5.3.3}

After completion of the carrageenan-induced edema, the paw tissue was removed and fixed in formalin (10%), embedded in paraffin, sectioned (5 μm), deparaffinized, and stained with hematoxylin and eosin (H&E). Slides were analyzed by means of optical microscopy by a qualified pathologist with no prior knowledge of the groups.

### Carrageenan-Induced Leukocyte Migration in the Peritoneal Cavity (Peritonitis) {#sec5.3.4}

This model of edema induction was previously described by Feitosa et al.^[@ref60]^ Initially, the animals were pretreated with 250 μL of vehicle (VEH: 10 mL/kg, ip), INDO (10 mg/kg, ip), or AA (25 mg/kg, ip). After 1 h, 250 μL of carrageenan (500 μg/well) was injected into the peritoneal cavity of each mouse. The mice (*n* = 5) were euthanized after 4 h, and the peritoneal cavity was washed with 1.5 mL of phosphate-buffered saline (PBS) for removal of the cells contained in the peritoneal fluid. The total cell count was performed using Neubauer's chamber, and differential cell counts (100 cells in total) were accomplished after cytocentrifuging of slides, subsequently stained with hematoxylin and eosin. Results were presented as number of total leukocytes and neutrophils per milliliter of peritoneal exudate. The peritoneal exudate was also collected for the evaluation of myeloperoxidase (MPO), reduced glutathione (GSH), and malondialdehyde (MDA) levels.

Effect of AA against Oxidative Stress {#sec5.4}
-------------------------------------

### Determination of Reduced Glutathione Levels {#sec5.4.1}

This test was performed according to the following general procedure: Aliquots of the peritoneal exudates were subjected to centrifugation at 3000 rpm for 15 min at 4 °C. This was followed by mixing 400 μL of each supernatant with 800 μL of Tris buffer (0.4 M, pH 8.9) and 20 μL of 0.01 M 5,5-dithio-bis(2-nitrobenzoic acid). Afterward, samples were stirred for 3 min and absorbance was spectrophotometerically measured at 412 nm.^[@ref68]^ Results are presented as micrograms of GSH per milliliter (μg/mL) of exudates.

### Determination of Malodialdehyde (MDA) {#sec5.4.2}

To determine the concentration of MDA in the peritoneal exudates, centrifugation of each aliquot was carried out at 3000 rpm for 15 min at 4 °C. This was followed by mixing 250 μL of each supernatant with 1.5 mL of 1% phosphoric acid (H~3~PO~4~) and 0.5 mL of 0.6% thiobarbituric acid (TBA). This mixture was heated in a water bath with stirring for 45 min. After cooling, 4 mL of *n*-butanol was added. The mixture was centrifuged for 10 min at 1200*g* to separate the *n*-butanol layer. Absorbance was then measured at 535 and 520 nm by means of a spectrophotometer.^[@ref69]^ MDA concentrations are given as nmol/mL of exudates.

### Determination of Myeloperoxidase (MPO) Activity {#sec5.4.3}

The enzyme myeloperoxidase (MPO) is primarily present in azurophil granules of neutrophils. This enzyme has been widely employed as a marker for the infiltration of granulocytes into peritoneal exudates. In this study, we measured the activity of MPO to assess the accumulation of neutrophils in peritoneal exudates. Foot tissue (50--100 mg) was homogenized at 50 mg/mL in potassium buffer containing 0.5% hexadecyltrimethylammonium bromide (HTAB). This was followed by centrifugation of the homogenate for 7 min at 40 000*g*. Pellet was resuspended, and the MPO activity was determined by measuring the absorbance at 450 nm using *o*-dianisidine dihydrochloride and 1% hydrogen peroxide (H~2~O~2~). Activity of MPO is expressed in units/mg of tissue, where one unit of MPO activity is defined as the conversion of 1 μM H~2~O~2~ into water in 1 min at 22 °C.^[@ref70]^

Antinociceptive Effect of AA {#sec5.5}
----------------------------

### Acetic Acid-Induced Abdominal Writhing Test {#sec5.5.1}

We employed the acetic acid-induced abdominal writhing test to assess the analgesic activity of AA. In this test, the mice (*n* = 5) were pretreated with AA (25 mg/kg, ip), vehicle (10 mL/kg, ip), or morphine (5 mg/kg, subcutaneously sc). After 30 min, the mice received 0.6% acetic acid (10 mL/kg of body weight, ip) and nociception intensity was measured by counting the total number of abdominal contortions including abdominal muscle contraction and hind paw extends over a period of 20 min.^[@ref71]^

### Hot Plate Test {#sec5.5.2}

To evaluate the analgesic activity of AA, we employed the hot plate test.^[@ref72]^ In this test, each animal was placed twice on the heated plate (51 ± 1 °C) at a 30 min interval. First, the animals were familiarized with the test procedure, and a second evaluation served as a control for the reaction time (paw lick time or jump). The mice with a reaction time longer than 20 s were excluded. After the second test (control reaction time), the animals (*n* = 5) received vehicle (10 mL/kg, ip), AA (25 mg/kg, ip), or morphine (5 mg/kg, sc). Reaction time was measured at 0 (time 0) and at 30, 60, 90, and 120 min after administration of the compounds, with a cutoff time of 45 s to avoid paw injury.

### Formalin Test {#sec5.5.3}

This test has been employed as a model for nociception related to tonic pain and localized inflammatory pain.^[@ref73]^ According to this test, 20 μL of 2.5% formalin was administered (sc) in the right hind paw. The licking time was recorded from 0 to 5 min (stage 1, neurogenic pain) and from 20 to 25 min (stage 2, inflammatory pain). The mice (*n* = 5) were then treated with AA (25 mg/kg, ip), vehicle (10 mL/kg, ip), or morphine (5 mg/kg, sc) 30 min before formalin injection. To assess the effect of viaopioid-mediated AA, two groups (*n* = 5) were pretreated with naloxene (3 mg/kg, ip) 30 min before treatment with AA (25 mg/kg, ip) or morphine (5 mg/kg, sc), in which 20 mL of 2.5% formalin was subsequently administered in the subplantar region, as described previously.

### Statistical Analysis {#sec5.5.4}

One-way analysis of variance (ANOVA) followed by the Neuman--Keuls test as a post hoc test were applied to the collected data. Results are expressed as mean ± standard error of the mean (SEM). Statistical analysis was performed with the aid of GraphPad Prism 6 (GraphPad Software, San Diego, California; <http://www.graphpad.com>); differences were significant at *p* ≤ 0.05.
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